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INVENTION DESCRIPTION 

Describe the invention completely, using the outline given below. Please provide an electronic copy of the 
invention disclosure document, references, and abstracts in Windows format on CD-ROM or floppy disk if 

possible 

1. Marketing Summary [Please provide a non-confidential summary of the invention that can be used for 
marketing purposes. Unique details that are published may also be included.] 

New nitroxyl (N07HNO) donors have been developed based on diazen-l-ium-l,2-diolate derivatives 
(R'R 2 N[N(0)=NO]Na). Such derivatives normally decompose under physiologically relevant conditions to amine 
(R'R 2 NH) and nitric oxide (NO). These newly developed derivatives, however, give nitrosamine (R l R 2 NN=0) and 
nitroxyl. These new nitroxyl precursors have been shown to have analogous effects in the treatment of heart failure 
as has previously been observed with the established nitroxyl donor Angeli's salt. 



SOFTWARE -Does this disclosure include a software element or software is implemented in the invention □ Yes _ No 

If yes, please complete the Software Information Form which can be found at: ■ ■- 

BIOLOGICAL MATERIAL - Does this disclosure include biological material, □ Yes _ No 
If yes, pleaseattach.a.list of 'materials for reference. "A Tangible Property Report of Invention form may be completed if the disclosure is 
biological materials only. You can, find this form at: http://www.hopkinsmedicine.org/lbd/otl/ ; 

2. Problem Solved [Describe the problem solved by this invention] 

Most importantly, these new nitroxyl precursors are novel compounds. In addition, almost all previous physiological 
studies probing the effects of nitroxyl have used Angeli's salt, which decomposes with a half-life of approximately 
2 minutes. A potential reaction pathway for nitroxyl is dimerization to provide ultimately nitrous oxide (N 2 0) and 
water. Because this second-order reaction is dependent on the local concentration of nitroxyl, the rate at which nitroxyl 
is produced determines what portion of it is available for other chemistry, i.e., faster decompositionrates lead to more 
dimerization. Our newly developed compounds have half-lives of approximately 12 minutes. Moreover, this half-life 
may potentially be varied by changing R l and/or R 2 . Thus, studies with these new precursors (and analogous 
derivatives) will help to determine if biological responses due to nitroxyl can be enhanced (or retarded) by its delivery 
rate. 
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3. Novelty [Identify those elements of the invention that are new when compared to the current state of the art] 
The compounds themselves are novel. 



4. Potential Commercial Use - [What products can be produced with this invention.] 

The administration of a nitroxyl-donating compound either alone, in combination with a 
positive inotropic agent, or to a subject receiving beta-antagonist therapy can be used to treat heart failure of all 
classifications. In particular, a nitroxyl-donating compound can be used to treat early-stage chronic heart failure, such 
as Class II heart failure. Potentially, nitroxyl-donating compounds can be used also in subjects suffering from 
hypertension. 



5. Commercialization - List any companies that you feel may be interested in this technology or are doing 
similar research. Indicate how the invention complements the company's existing technology. If known, provide 
the names of any companies (and a contact person) that have contacted you regarding your research related to the 
invention. 



No company interest known at this time. 
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Detailed Description of the Invention 

Compounds containing the diazeniumdiolate [N(0)=NO]' functional group have proven useful as 
research tools in a variety of applications requiring spontaneous release of nitric oxide (NO). 1 Anions 
such as l-(^-dialkylamino)diazen-l-ium-l,2-diolates 1 (where R is alkyl) are stable as solid salts, but 
release up to 2 mol of NO when dissolved in aqueous solution at physiologically relevant conditions. 

1 

The formation of such compounds by the reaction of NO with nucleophiles such as amines has 
been known since the 1960's. 2 " 5 More recently, Keefer and co-workers have shown that the rate of NO 
release can be varied by modifying the substituents R, pH, or temperature, and have developed anions 
with half-lives in aqueous buffer at pH 7.4 and 37 °C ranging from two seconds to 20 hours. 1 In 
addition, diazeniumdiolate solution half-lives tend to correlate very well with their pharmacological 
durations of action, suggesting that they are minimally affected by metabolism. 6 These compounds have 
shown great potential in a variety of medical applications requiring either the rapid production or 
gradual release of NO, 6,7 and have allowed biological consequences of NO delivery rates to be probed. 8 

A major factor affecting decomposition rate is ease of protonation at the amine nitrogen leading 
to amine and 2 equivalents of NO: 

?" H + r, 

R 2 N N R 2 N N R 2H N 

1 " H 

We reasoned that if protonation at this site was made very unfavorable that an alternate 
decomposition pathway to nitrosamine and nitroxyl (NOTHNO) may become available: 

0~ 0~ u+ ?J O 

,N*,0".-i ,N, *0 RN -N SO - % + HNO 

R 2 N N R 2 N N R 2 N <J\ R 2 N 

1 H 

Thus, we observe completely different decomposition products for the related N-methylanihne 
derivatives 2 with X = H or CN. For the parent compound 2 (X = H) we observe the normal 
decomposition to amine and NO with a half-life of approximately 4 minutes at pH 7.4 and 37 °C. With 
an electron-withdrawing substituent, however, protonation at the aniline nitrogen becomes very 
unfavorable and decomposition to nitrosamine and nitroxyl, with a half-life of approximately 12 minutes 
at pH 7.4 and 37 °C, is observed for 2 (X = CN). 



O 




H + 





forX=CN + HN0 (Lk^^W- B 



Each of these compounds has been tested for their effects on cardiac function in canine models. 
In agreement with the observed products, 2 (X = H) behaves as an NO-donor, whereas 2 (X = CN) 
behaves as a nitroxyl-donor. We believe that compound 2 (X = CN) and analogous derivatives 
(described in the following Workable Extent/Scope section) have great potential in the treatment of heart 
failure. 

Synthetic Procedure: Compounds 2 were prepared by treating a solution of the appropriate N- 
methylaniline derivative (1 g) in methanol (5 mL) with one equivalent of sodium methoxide (25 % w/w 
in methanol) in a standard Parr hydrogenation bottle. The reaction vessel was purged with nitrogen and 
then saturated with excess NO. The reaction was allowed to stir at room temperature for 48 hours 
during which time the. pressure of NO gas was maintained at approximately 40 psi. The product was 
isolated by filtration and washed with ethyl ether and dried under vacuum. Half-lives were determined 
by UV-Vis spectroscopy at 37 °C in pH 7.4 phosphate buffer. NO was detected electrochemically using 
an iNO Measuring System with an amino 700 probe (Innovative Instruments). Nitroxyl was measured 
by trapping with methemoglobin as has been described in the literature. 9 



Workable Extent/Scope 

Our results obtained to date are easily extendable to related derivatives that can be expected to 
follow the same decomposition pathway to nitrosamine and nitroxyl. Obvious examples are listed 
below. Another issue that will require further research is related to the nitrosamine byproduct. 
Although many nitrosamines are carcinogenic, the extent of carcinogenicity can be greatly reduced or 
eliminated by blocking sites for enzymatic hydroxylation, the key activation step leading to subsequent 
DNA alkylation (e.g., by substitution at the carbon alpha to the N-nitroso functionality or by carboxylic 
acid substitution). 10 The toxicity of the nitrosamine derived from 2 (X = CN) is not yet known, but it is 
not expected to be high based on related nitrosamines that have been reported in the literature." 

CH'tar N-Methylaniline Derivatives 




X 

where R is H, a primary, secondary, or tertiary alkyl group, or an aromatic group; X is an electron- 
withdrawing substituent (e.g., halogen, CN, N0 2 , C0 2 H, C0 2 R, CF 3 ); Z is H, an alkyl group, or an 
electron-withdrawing substituent (e.g., halogen, CN, N0 2 , C0 2 H, C0 2 R, CF 3 ); Y is H or C0 2 H. 



Of r Proline Derivatives 

(N-nitrosoproline is known to be non-carcinogenic.) 



H ?♦ - 




-X 

C0 2 H 

where X is a halogen and Y is an H or halogen. 
0"ft)-tr Diethylamine Derivatives 

x o" 

where R is an H or alkyl group and X is an electron-withdrawing group (e.g., halogen, CN, N0 2 , C0 2 H, 
C0 2 R, CF 3 ). 
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Dog preparation and methods: 

Male mongrel dogs (20 to 30 kg) were anesthetized with 1-2% Isoflurane after 
induction with sodium pentothal. The chest was opened via a lateral thoracotomy, and 
indwelling catheters (Tygon; Norton Plastics and Synthetic Division) secured in the 
right atrium (for drug infusion) and in the descending aorta (for pressure 
measurement). An indwelling high-fidelity micromanometer (P22, Konigsberg 
Instruments) was placed in the left ventricle (LV) through an apical stab. Two 
endocardial sonomicrometer crystals were placed at the cardiac base - from which a 
left ventricular antero-posterior internal dimension was generated. A coronary flow 
probe (Transonic) was placed at the proximal left circumflex coronary artery to 
measure coronary flow velocity. A pneumatic occluder was placed around the IVC to 
allow preload reduction for assessing PV relations. Pacing leads were attached to the 
left atrium for acute pacing during experimentation. After the chest was closed, 
catheters and leads were externalized to the midscapulae and protected by an external 
jacket. Analgesia (buprenorphine 0.3 mg/kg every 12 hours) was given in the 
immediate postoperative period as necessary, and antibiotics administered for the first 
72 hr post-operative period. Dogs were allowed 10 days for recover prior to studies. 

Studies were performed with animals supported in a sling apparatus, conscious, 
with all sensors connected to signal processors and custom software for displaying 
real-time pressure-dimension data. Hemodynamic measurements were performed at 
the constant atrial pacing rate (140 beats per minute). To identify the role of 
baroreflex activation, 10% (wt/vol) dextran was rapidly infused to restore chamber 
loading to baseline. Chronic heart failure (CHF) was induced by chronic rapid 
ventricular pacing at a rate of 2 10 beats per minute for 3 weeks followed by 240 beats 
per minute for 1 week. 

Results: 

In control dog. Compound A and Compound B were administrated to a healthy 
control dog at the dose of 2.5/ig/kg/min. Table 1 shows the summary data. Both 
Compound A and Compound B increased load-independent contractility indexes 
(End-systolic elastance; Ees, +25.2% and +109.6%, respectively), and reduced 
preload (end-diastolic dimension, EDD; -11.1% and -12.9%, respectively) and after- 
load (total resistance, RT; -24.0% and -15.1%, respectively). But after volume 
loading, Compound A had no effect on myocardial contractility, while Compound B 
still enhanced contractility (Ees; -14.4% and +45.4%, respectively). 

In CHF dog. Figure 1 shows representative P-D loops in a CHF hearts with 
compound B administration (1.25/xg/kg/min) and volume restoration. EDD and 
systolic pressure both declined, whereas Ees was enhanced, denoted by its left shift 
and higher slope (middle). Even after EDD and systolic pressure was restored by 
volume loading, Ees was still enhanced (bottom). Table 2 provides summary data. 
Compound B reduced pre-load (EDD; -9.9%) and after-load (RT; -26.1%), and 
enhanced contractility (Ees; +70.6%). Positive inotropic effect was still observed 
(Ees; +33.5%) after volume restoration (EDD; -2.2%, end-systolic pressure; -4.6%). 
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Table 1. Cardiovascular effects in control dog. 



Comound A(2.5fig/kg/min) Comound B (2.5/ig/kg/min) 
before after + volume before after + volume 
loading loading 



Ees (mmHg/mm) 


11.6 


14.5 


9.9 


8.5 


17.9 


12.4 


Tau (msec) 


34.4 


31.6 


32.0 


38.5 


30.4 


33.9 


LVEDD (mm) 


31.1 


27.7 


30.7 


32.5 


28.3 


31.6 


LVESD (mm) 


23.6 


20.7 


22.3 


23.4 


20.0 


21.6 


LVESP (mmHg) 


137.4 


96.3 


118.4 


137.4 


107.9 


123.9 


LVEDP (mmHg) 


5.5 


2.6 


5.5 


9.9 


5.7 


5.3 


RT (mmHg/mm/sec) 


7.3 


5.6 


5.6 


6.1 


5.2 


5.0 



Ees, end-systolic elastance; D E dd, dP/dt-end-diastolic dimension relation; PRSW, 
prerecruitable stroke work; LVEDD, left ventricular end-diastolic dimension; LVESD, 
left ventricular end-systolic dimension; LVESP, left ventricular end-systolic pressure; 
LVEDP, left ventricular end-diastolic pressure; RT, total resistance. 

Table 2. Compound B induced changes in control and CHF dog. 





Control 




CHF 




Comound B 


+ volume 


Comound B 


+ volume 




(2.5/ig/kg/min) 


loading 


(1.25fjg/kg/min) 


loading 


Ees (mmHg/mm) 


+ 109.6% 


+45.4% 


+70.6% 


+33.5% 


Tau (msec) 


-21.0% 


-12.0% 


-21.5% 


-19.7% 


LVEDD (mm) 


-12.9% 


-2.7% 


-9.9% 


-2.2% 


LVESD (mm) 


-14.3% . 


-7.4% 


-11.5% 


-6.5% 


LVESP (mmHg) 


-21.5% 


-12.0% 


-18.6% 


-4.6% 


LVEDP (mmHg) 


-36.8% 


-8.4% 


-44.4% 


-9.2% 


RT (mmHg/mm/sec) 


-15.1% 


-18.7% 


-26.1% 


-35.6% 



Ees, end-systolic elastance; D EDD , dP/dt-end-diastolic dimension relation; PRSW, 
prerecruitable stroke work; LVEDD, left ventricular end-diastolic dimension; LVESD, 
left ventricular end-systolic dimension; LVESP, left ventricular end-systolic pressure; 
LVEDP, left ventricular end-diastolic pressure; RT, total resistance. 
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Figure 1 




Compound B + Volume restoration 




Dimension (mm) 



Figure 1 demonstrates efficacy of new HNO donor in the in vivo canine heart. The 
top panels display pressure-dimension loops and relations under baseline conditions. 
Upper line reflects contractile function. The middle panel displays results of infusion 
of the new HNO donor (Compound B) in the same animal. The leftward shift of the 
end-systolic pressure-dimension relation (line, upper left of loops) indicates positive 
contractile effect. This was accompanied by a decline in chamber preload volume (i.e. 
venodilation) (loops shift leftward as well). To minimize this effect, we infused 
volume to the animal restoring preload volume to the baseline level (lower panel). 
There is still a clear increase in contractile function (arrow) with Compound B. Thus, 
the new compound is a positive inotrope and venodilator in the conscious dog. 
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N-Methylaniline-based diazeniumdiolate derivatives as HNO donors. 

Angeli's salt (2) and DEA/NO (1, R = Et) are both diazeniumdiolate derivatives; however, at 
physiological pH, Angeli's salt is an HNO donor (Reaction 1) and DEA/NO is an NO donor (Reaction 
2). Why? The answer, of course, is related to the relative ease of protonation and subsequent barriers 

to decomposition from the relevant protonated species. 
O Prior to our work described below, all known secondary 

-Nc-n'O amine-based diazeniumdiolate derivatives have been 
i demonstrated to be NO donors. The mechanism of NO 

LJ 

" formation from the decomposition of dialkylamino 
-8.6 U diazeniumdiolates has very recently been examined 
computationally by Houk and co-workers. 1 These results 
are consistent with experiments 2 and indicate that the terminal oxygen is most basic, followed closely by 
the internal oxygen, but that protonation at these sites does not lead to decomposition. Protonation of 
the weakly basic amino nitrogen, however, leads to very rapid decomposition and NO generation. These 
calculations (see structures A and B) suggest that protonation leading to the products of Reaction 2 is 
favored over that leading to the products of Reaction 3 by approximately 6.5 pK a units. 
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Reaction 2: 
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Reaction 3: 
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Consistent with, but independent of these computations, we reasoned that if we 
_ made protonation at the amino nitrogen very unfavorable, we could make Reaction 3 
N' accessible for secondary amine diazeniumdiolate derivatives. Thus, we prepared /V- 
methylaniline derivatives 3, where X = H, CI, and CN by treating a solution of the 
appropriate TV-methylaniline derivative (1 g) in methanol (5 mL) with one equivalent of 
sodium methoxide (25% w/w in methanol) in a standard Parr hydrogenation bottle. 
The reaction vessel was purged with nitrogen and then saturated with excess NO. The 
reaction was allowed to stir at room temperature for 48 hours during which time the 
pressure of NO gas was maintained at approximately 40 psi. The product was isolated 
by filtration, washed with ethyl ether, dried under vacuum, and characterized by standard analytical 
methods. We examined the decomposition of derivatives 3 at 37 °C and pH 7.4. Organic products were 
quantified by UV-Vis, NMR, and HPLC analysis. NO was detected electrochemically using an inNO 
Measuring System with an amiNO-700 probe (Innovative Instruments) as we have reported previously. 3 
HNO was measured by trapping with methemoglobin as has been described in the literature. 4 We also 
assayed for the presence of N2O (the product of HNO dimerization and subsequent dehydration) by gas 
chromatography. As shown in the Table below, our results indicate that the decomposition products 
(and thus the relative contributions of Reactions 2 and 3) are strongly dependent on the /?ara-substituent 
X. Importantly, derivative 3 with X = CN represents the first secondary amine-based diazeniumdiolate 
that is a pure HNO donor. 



X 


% Amine 


%NO 


% Nitrosamine 


% HNO 


N z O? 


half-life (37 °C, pH 7.4) 6 


H 


100 


180 


0 


0 


no 


4 min 


CI 


=95 


a 


trace 


a 


a 


12 min 


CN 


0 


0 


100 


100 


yes 


11 min 



a = not yet determined; b =for comparison, the half-life of Angeli 's salt under these conditions is 2 min 



The results for compounds 3 observed as a function of para substituent X are also consistent 
with Houk's calculations. As mentioned above, these calculations predict a pK a difference of 
approximately +6.5 units (pK a (A) - pK a (B)) for the dimethyl amino derivative. The pK a 's of protonated 
dimethylamine, N-methylaniline, /?-chloro-7V-methylaniline, and jP-cyano-TV-methylaniline are 10.8, 5.0, 
4.5, and 2.2, respectively. 5 Thus, based on these pK a 's, Houk's calculations, and the assumption that the 
pK a of structure B is unaffected by changes at the amine nitrogen, we estimate that the pK a differences 
for the corresponding protonated forms A and B are +0.7, +0.2, and -2.1 for 3 with X = H, CI, and CN, 
respectively. This analysis predicts that the pK a of the protonated secondary amine from which the 
diazeniumdiolate is made should be a good indicator of whether the resulting diazeniumdiolate will be 
an NO or an HNO donor: Any diazeniumdiolate made from an amine whose protonated form has a pK„ 
below 3 or 4 should be an HNO donor. 

Although diazeniumdiolate 3 with X = CN is a pure HNO donor, an obvious practical drawback 
is that the by-product of its decomposition is a potentially carcinogenic nitrosamine (Reaction 3). The 
carcinogenicity of nitrosamines is thought to arise via metabolic activation by cytochrome P450 
enzymes to give a-hydroxynitrosamines that undergo subsequent reactions resulting in DNA 
alkylation. 6,7 Lijinsky and co-workers have found that replacement of even a single a-hydrogen with a 
methyl group greatly reduces nitrosamine carcinogenicity and that total blockage of any potential 
oxidation site leads to a non-carcinogenic nitrosamine (e.g., N-nitroso-2,2,6,6-tetramethylpiperidme). 6 In 
addition, carboxylic acid substitution also greatly reduces or eliminates (e.g., nitrosoproline) 
carcinogenicity, presumably the result of rapid excretion before enzymatic oxidation can occur. 6 

Based on these observations, obvious candidate diazeniumdiolates 4 - 8 are shown below with X 
= CN or N0 2 . 
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Diphenylamine-based -based diazeniumdiolate derivatives as HNO donors. 

As an alternative to diazeniumdiolates based on derivatives of Af-methylaniline, 
diazeniumdiblates based on commercially available diphenylamine (9) and the corresponding p- 
dicarboxylate (10) are also predicted to be HNO donors. The pK a of diphenylammonium is 0.78 in 
water, which suggests, by our hypothesis, that a diazeniumdiolate based on this amine should be an 
HNO donor. Additionally, Af-nitrosodiphenylamine contains no a-hydrogens, and therefore, is expected 
to be a non-carcinogenic byproduct. Af-nitrosodiphenylamine has been shown to be non-carcinogenic in 
mice 6 and has also recently been shown to be non-mutagenic by the Ames test. 8 ' 9 As mentioned above, 
the addition of carboxylic acid substitution has been shown to reduce carcinogenicity, thus dicarboxylate 
compound 10 should be a good candidate as an HNO donor for in vivo use. 
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Future Derivatives 



i + 




X 

where R is H, a primary, secondary, or tertiary alkyl group, or an aromatic group; X is an electron- 
withdrawing substituent (e.g., halogen, CN, NO2, C0 2 H, CO2R, CF 3 ); Z is H, an alkyl group, or an 
electron-withdrawing substituent (e.g., halogen, CN, N0 2 , C0 2 H, C0 2 R, CF 3 ); Y is H, alkyl, or C0 2 H. 



x 




X 

where X is H, alkyl, C0 2 H, or an electron-withdrawing substituent. 



Diazeniumdiolates that can be synthesized from any amine (R 2 NH) whose protonated form (R 2 NH 2 + ) 
has a pK a below 4.5 are predicted to be nitroxyl (HNO) donors. 

_ K1U NO ?+ _ 

R 2 NH n .O 

R 2 N N 



